Introduction
In mammals, the liver plays a central role in maintaining energy balance in response to nutrient deprivation by activating lipid and glucose metabolic pathways. During early fasting, the liver stimulates glycogen breakdown to increase glucose levels, but when fasting progresses and glycogen storage is depleted, the liver activates mitochondrial fatty acid β-oxidation to provide both energy for gluconeogenesis and substrate for ketogenesis (1) . The hepatic response to fasting is regulated mainly through complicated transcriptional networks controlled by numerous transcriptional factors, including CREB, FOXO1, FOXA2, and the nuclear receptor PPARα (2) (3) (4) (5) , and transcriptional coregulators, such as CRTC2, PGC-1α, and SIRT1 (2, (6) (7) (8) .
As a key cellular energy sensor, the NAD + -dependent SIRT1 deacetylase plays a critical role in mediating hepatic fasting responses (8) (9) (10) . SIRT1 is a transcriptional silencer through deacetylation of histones at target genes (11, 12) , but it also directly activates some genes, such as gluconeogenic and β-oxidation genes, in part by deacetylation and activation of PGC-1α (6, 7, 13) . However, the mechanisms of direct gene activation by SIRT1 remain poorly understood, particularly with regard to epigenetic regulation in response to nutrient deprivations and whether the regulation of gluconeogenic and β-oxidation genes involves distinct genespecific mechanisms.
Epigenetic modifications play a critical role in linking environmental signals, such as changes in nutrient and hormonal levels and the circadian rhythm, to regulate genes to maintain homeostasis (11, (14) (15) (16) . Epigenetics is particularly relevant to metabolic regulation, because the activity of epigenetic enzymes is modulated by the levels of cofactors, such as NAD + , acetyl-CoA, and α-ketoglutarate, which fluctuate depending on the metabolic status (11, 17) . Recent studies have demonstrated a critical role for histone-modifying proteins in the epigenetic control of hepatic lipid metabolism. Intriguingly, genome-wide recruitment of HDAC3 histone deacetylase largely directed by the circadian nuclear receptor Rev-erbα plays a critical role in hepatic lipogenesis, and deletion of hepatic HDAC3 or Rev-erbα leads to severe hepatosteatosis (15, 16) . In addition, LSD1 histone demethylase interacts with the orphan nuclear receptor SHP and epigenetically regulates bile acid metabolism, 1 carbon metabolism, and autophagy-mediated lipid catabolism in response to the postprandial hormone FGF19 in the late fed state (18) (19) (20) .
Jumonji D3 (JMJD3, also known as KDM6B) is a JmjC domaincontaining histone lysine demethylase that, together with UTX and UTY, belongs to the KDM6 family (21, 22) . JMJD3 mediates epigenetic activation of genes by catalyzing the demethylation of a gene repression histone mark, histone H3, trimethylated at K27 (H3K27-me3). JMJD3 has known epigenetic functions in development and differentiation, immunity, and tumorigenesis (21, 23) and was recently shown to have a role in the epigenetic activation Jumonji D3 (JMJD3) histone demethylase epigenetically regulates development and differentiation, immunity, and tumorigenesis by demethylating a gene repression histone mark, H3K27-me3, but a role for JMJD3 in metabolic regulation has not been described. SIRT1 deacetylase maintains energy balance during fasting by directly activating both hepatic gluconeogenic and mitochondrial fatty acid β-oxidation genes, but the underlying epigenetic and gene-specific mechanisms remain unclear. In this study, JMJD3 was identified unexpectedly as a gene-specific transcriptional partner of SIRT1 and epigenetically activated mitochondrial β-oxidation, but not gluconeogenic, genes during fasting. Mechanistically, JMJD3, together with SIRT1 and the nuclear receptor PPARα, formed a positive autoregulatory loop upon fasting-activated PKA signaling and epigenetically activated β-oxidation-promoting genes, including Fgf21, Cpt1a, and Mcad. Liver-specific downregulation of JMJD3 resulted in intrinsic defects in β-oxidation, which contributed to hepatosteatosis as well as glucose and insulin intolerance. Remarkably, the lipid-lowering effects by JMJD3 or SIRT1 in diet-induced obese mice were mutually interdependent. JMJD3 histone demethylase may serve as an epigenetic drug target for obesity, hepatosteatosis, and type 2 diabetes that allows selective lowering of lipid levels without increasing glucose levels.
Fasting-induced JMJD3 histone demethylase epigenetically activates mitochondrial fatty acid β-oxidation both SIRT1 and PPARα is induced, which leads to epigenetic activation of their own genes and of β-oxidation network genes. Further, downregulation of hepatic JMJD3 leads to intrinsic defects in β-oxidation, which results in liver steatosis as well as glucose and insulin intolerance. Remarkably, amelioration of metabolic symptoms by exogenous expression of JMJD3 or SIRT1 in dietary obese mice is mutually interdependent.
of brown fat development and white fat plasticity (24) . Further, an intriguing role for JMJD3 in extending lifespan in response to mild mitochondrial stress has been demonstrated (25) . However, metabolic functions of JMJD3 have not been reported.
Here, we show that JMJD3 has what we believe to be a novel metabolic role and epigenetically regulates mitochondrial β-oxidation. In response to fasting, the interaction of JMJD3 with Adenovirally expressed flag-SIRT1 was isolated by binding the M2 agarose from liver extracts pooled from 3 mice and analyzed by glycerol gradient (10%-50%) centrifugation. The indicated proteins were detected by IB. (C) Mice (n = 3) were fasted for 16 hours. SIRT1 or JMJD3 was immunoprecipitated from whole-cell extracts, and the levels of JMJD3 or SIRT1 in the immunoprecipitates were determined by IB. (D) JMJD3 and SIRT1 levels in nuclear and cytoplasmic fractions of liver extracts from mice re-fed for 6 hours after fasting and mice fasted for 16 hours. (E) Detection of JMJD3 and SIRT1 by immunofluorescence in liver sections from mice re-fed for 6 hours after fasting and mice fasted for 16 hours. Scale bars: 100 μm (white bars) and 20 μm (yellow bars). Original magnification ×2.5. (F) GST-JMJD3 and GST-SIRT1 constructs are shown. SIRT1 or JMJD3, synthesized in vitro by TNT, was incubated with the GST fusion proteins, and proteins bound to the GST fusion proteins were detected by IB. FL, full length. fd, mice re-fed for 6 hours after fasting; fs, mice fasted for 16 hours.
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β-oxidation and ketogenesis, including Cpt1a, Mcad, and Hmgcs2, was inhibited by downregulation of JMJD3, whereas expression of the gluconeogenic genes was unchanged ( Figure 2B ). These results indicate that JMJD3 upregulates direct SIRT1-targeted hepatic genes involved in fatty acid β-oxidation, but not gluconeogenesis, in Fsk-treated hepatocytes. JMJD3 mediates epigenetic activation of direct SIRT1-targeted β-oxidation-promoting genes, but not gluconeogenic genes. To determine whether JMJD3 selectively activates direct SIRT1-targeted β-oxidation genes, we examined the effect of fasting on the occupancy of JMJD3 and SIRT1 at the β-oxidation genes Fgf21, Cpt1a, and Mcad and the gluconeogenic genes G-6-Pase and Pepck. In liver ChIP assays, the occupancy of SIRT1 was increased by fasting in both groups of genes, while the occupancy of JMJD3 was increased only at the β-oxidation genes ( Figure 2C ). In re-ChIP assays, fasting increased JMJD3 occupancy at SIRT1-bound β-oxidation genes but not at gluconeogenic genes ( Figure 2D ), indicating co-occupancy of JMJD3 and SIRT1 at β-oxidation genes.
JMJD3 epigenetically activates genes by demethylating a gene repression mark, H3K27-me3 (21, 22) . Some genes have bivalent histone modifications harboring both a gene repression mark, H3K27-me3, and a gene activation mark, H3K4-me3, within the same chromatin domain, which maintains low basal expression of these genes but allows timely activation in response to environmental cues (21, 23, 28) . To determine whether the fasting-induced occupancy of JMJD3 at β-oxidation genes results in epigenetic activation, we examined the effect of fasting on the levels of H3K27-me3 and H3K4-me3 at both β-oxidation and gluconeogenic genes. The H3K27-me3 levels were decreased by fasting at β-oxidation genes but not at gluconeogenic genes, whereas the levels of H3K4-me3 were increased at both groups of genes ( Figure 2E ). Likewise, treatment of hepatocytes with Fsk resulted in decreased levels of H3K27-me3 only at β-oxidation genes ( Figure 2F ) and in increased levels of H3K4-me3 (Supplemental Figure 2) , and these Fskmediated effects on histone modifications were abolished by
Results

JMJD3 is a SIRT1-interacting protein in the livers of fasted mice.
To identify SIRT1-interacting proteins that may affect hepatic SIRT1 functions during fasting, proteins bound to flag-SIRT1 were identified by proteomic analysis in HepG2 cells treated with forskolin (Fsk) to mimic fasting. Known SIRT1-interacting proteins, such as PGC-1α, PPARα, NcoR, and NF-κB (6, 8) , as well as previously unknown proteins, including JMJD3 histone demethylase ( Figure 1A ), were detected in the flag-SIRT1 complex. JMJD3 was particularly unexpected, since JMJD3 epigenetically activates genes (21, 23) , while SIRT1 generally inhibits gene expression by deacetylation of histones (11, 12) , although SIRT1 also directly activates gluconeogenic and β-oxidation genes (6, 7, 13) . In glycerol gradient centrifugation of SIRT1-bound proteins from liver extracts from fasted mice, JMJD3 cosedimented with 2 known gene activators, PPARα and PGC-1α, that drive fasting responses at a rate different from that of a known SIRT1-interacting corepressor, LSD1 (ref. 12 and Figure 1B) , suggestive of distinct gene activation and repression SIRT1 complexes.
Fasting resulted in increased interaction between endogenous JMJD3 and SIRT1 in mouse liver extracts ( Figure 1C) , and, notably, we found that nuclear levels of these proteins were increased in fasted mice, while cytoplasmic levels decreased ( Figure 1D ). Fasting also increased the nuclear colocalization of JMJD3 and SIRT1 in mouse liver ( Figure 1E ). Further, treatment with Fsk increased the interaction of exogenously overexpressed Myc-JMJD3 with SIRT1 (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI97736DS1) and increased nuclear colocalization of these 2 proteins in Hepa1c1c7 cells (Supplemental Figure 1B) . In glutathione S-transferase (GST) pulldown assays, the C-terminal region of JMJD3 interacted with SIRT1 ( Figure 1F , top), and SIRT1 interacted with JMJD3 through its N-terminal region ( Figure 1F, bottom) . These results demonstrate that JMJD3 is a SIRT1-interacting protein in the liver and that the interaction is increased by fasting. The results suggest that JMJD3, together with SIRT1, may mediate fasting transcriptional responses.
Downregulation of JMJD3 results in decreased expression of hepatic genes involved in mitochondrial functions, including β-oxidation. To explore global hepatic functions of JMJD3, mRNA levels in control and JMJD3-downregulated hepatocytes were compared by RNA-sequencing (RNA-seq) analysis. We found that the expression of 2,772 and 2,143 genes was significantly decreased and increased, respectively, by over 1.5-fold, with downregulation of JMJD3 (Figure 2A) . In gene ontology (GO) analysis, genes downregulated with the highest significance were those involved in mitochondrial functions, particularly oxidation and reduction, the respiratory chain, and fatty acid β-oxidation, whereas genes involved in cell proliferation, the cytoskeleton, and apoptosis were upregulated (Table 1) . In contrast, we did not detect differences in gluconeogenic genes, which is potentially significant, since this suggests that JMJD3 may partner with SIRT1 to selectively regulate SIRT1-targeted β-oxidation genes, but not gluconeogenic genes.
To confirm the RNA-seq data, we examined the effects of downregulation of JMJD3 on the mRNA levels of β-oxidation and gluconeogenic genes in Fsk-treated hepatocytes. We found that expression of all the β-oxidation-promoting genes tested, including the hepatokine, Fgf21, which promotes β-oxidation and ketogenesis (26, 27) , and mitochondrial proteins involved in FOXO1 are important transcriptional factors driving hepatic fasting responses (2-5), we examined the effects of downregulation of each of these factors on the expression of β-oxidation and gluconeogenic genes in Fsk-treated hepatocytes. We found that downregulation of PPARα markedly inhibited the expression of β-oxidation genes, with little effect on gluconeogenic genes, whereas downregulation of CREB or FOXO1 inhibited gluconeogenic genes, with little effect on β-oxidation genes (Supplemental Figure 3A) , suggesting that PPARα may recruit JMJD3 to β-oxidation genes.
downregulation of JMJD3. These results indicate that under nutrient-deprived conditions, H3K27-me3 levels are geneselectively reduced in a JMJD3-dependent manner, resulting in epigenetic activation of β-oxidation, but not gluconeogenic, genes. Notably, hepatic genes involved in β-oxidation appear to be regulated bivalently by H3K4-me3 and H3K27-me3 histone modifications.
Both SIRT1 and PPARα are necessary for the selective recruitment of JMJD3 to β-oxidation genes. An important question is
what determines the selective recruitment of JMJD3 to the SIRT1-bound β-oxidation genes. Since PPARα, CREB, and (E) Ratios of methylated H3K27-me3 and H3K4-me3 to total histone H3 at the indicated genes were determined by ChIP. (F) Ratios of methylated H3K27-me3 to total H3 at the indicated genes were determined by ChIP in hepatocytes that were infected with lenti-shRNA for JMJD3 or control shRNA and treated with Fsk for 3 hours. n = 6 (B), n = 3 mice/group (C-E), and n = 3 (F). Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by Student's t test (B), Mann-Whitney U test (C-E), and 2-way ANOVA with the FDR text (F). Gluconeo, gluconeogenesis.
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jci.org Volume 128 Number 7 July 2018 estingly, the occupancy of PGC-1α was increased at both groups of genes by fasting. These results suggest that PPARα recruits JMJD3 to target genes and that fasting-activated PKA signaling is important for the interaction of JMJD3 with PPARα and SIRT1. In GST pulldown assays, PPARα directly interacted with JMJD3 and SIRT1 through different domains ( Figure 3B and Supplemental Figure 4 ), which suggests that PPARα may simultaneously interact with both JMJD3 and SIRT1. Supporting this idea, the occupancy of both JMJD3 and SIRT1 was increased in PPARα-bound chromatin at β-oxidation genes upon fasting ( Figure 3C ). Further, in cell-based reporter assays, expression of SIRT1 or JMJD3 in Hepa1c1c7 cells increased Fgf21 promoter-luciferase
To test this idea, we first determined the effects of fasting on the interaction of JMJD3 with these factors by co-IP assays. In fasted mice, the interaction of endogenous JMJD3 with SIRT1 or PPARα ( Figure 3A ), but not with CREB or FOXO1 (Supplemental Figure 3B ), was increased. Similarly, treatment of hepatocytes with the fasting stimulus glucagon, Fsk, or the nonhydrolyzable cAMP analog 8-bromo-cAMP, increased the interaction of JMJD3 with SIRT1 and PPARα, but not with CREB or FOXO1 (Supplemental Figure 3C ). In ChIP assays, the occupancy of PPARα was increased after fasting at Fgf21, Cpt1a, and Mcad, but not at gluconeogenic genes, whereas the occupancy of CREB and FOXO1 was not increased at β-oxidation genes (Supplemental Figure 3D ). Inter- Figure 3 . Fasting-induced interaction of JMJD3 with SIRT1 and PPARα is important for recruitment of JMJD3 to β-oxidation genes. (A) Mice were fasted for 16 hours or re-fed for 6 hours after fasting (n = 3), and co-IP assays were performed using liver whole-cell extracts. (B) Schematic diagrams of PPARα domains (top). JMJD3 and SIRT1 bound to GST-PPARα proteins were detected by IB (bottom). (C) Chromatin from livers of fasted mice was immunoprecipitated with PPARα antibody, eluted, and reprecipitated with SIRT1 or JMJD3 antibody (n = 3). (D) Hepa1c1c7 cells were transfected with the indicated plasmids and infected with shRNA and then treated with the PPARα ligand WY14643 overnight, followed by treatment with Fsk for 6 hours. Relative luciferase activity was normalized to β-gal activity. (E) Hepatocytes were infected with Ad-shSIRT1 or Ad-shCtl for 48 hours or transfected with siPPARα or control siRNA for 48 hours and treated with Fsk for 3 hours. Occupancy of JMJD3 at the indicated genes was determined by ChIP assay (n = 3). (F) C57BL6 and PPARα-KO mice were fasted for 24 hours or re-fed for 24 hours after fasting. Occupancy of JMJD3 at the indicated genes was determined by ChIP assay (n = 5). Data represent the mean ± SEM. **P < 0.01, by Mann-Whitney U test (C) or 2-way ANOVA with the FDR test (E and F).
Volume 128 Number 7 July 2018 activity, and the increase was blocked by downregulation of JMJD3 or SIRT1 or by mutation of the peroxisome proliferator-activated receptor response element (PPRE) in the promoter ( Figure 3D ). These results, together, strongly suggest that PPARα is involved in the selective recruitment of JMJD3 to β-oxidation genes. We next determined whether JMJD3 recruitment to β-oxidation genes is dependent on PPARα and/or SIRT1. In primary mouse hepatocytes, Fsk treatment resulted in increased occupancy of JMJD3 ( Figure 3E ) and decreased histone H3K27-me3 levels (Supplemental Figure 5 ) at Fgf21, Cpt1a, and Mcad genes, and these effects were diminished by downregulation of either SIRT1 or PPARα. In liver ChIP assays, fasting increased JMJD3 occupancy at these genes in control mice, but not in PPARα-KO mice ( Figure 3F ). These results indicate that recruitment of JMJD3 to β-oxidation genes is largely dependent on both SIRT1 and PPARα.
A fasting-induced JMJD3-SIRT1-PPARα complex autoinduces the expression of its own genes. Treatment of hepatocytes with glucagon, Fsk, or 8-bromo-cAMP, or fasting of mice increased both mRNA ( Figure 4A ) and protein (Supplemental Figure 6 and Supplemental Figure 3C ) levels of Jmjd3, Sirt1, and Pparα. These results suggest that PPARα, together with JMJD3 and SIRT1, may induce their own genes upon nutrient deprivations. Consistent with this idea, fasting increased the occupancy of PPARα, SIRT1, JMJD3, and PGC-1α, but not that of CREB, CRTC2, or FOXO1 at Jmjd3, Sirt1, and Pparα genes ( Figure 4B and Supplemental Figure 7) , which was associated with decreased histone H3K27-me3 levels and increased H3K4-me3 levels ( Figure 4C ). Intriguingly, occupancy of SIRT1 and JMJD3 in PPARα-bound chromatin at these genes was increased by fasting ( Figure 4D ). These results suggest that a transcriptional complex of JMJD3, SIRT1, and PPARα, autoinduc- Hepatocytes were treated with glucagon (Gln), Fsk, or 8-bromo cAMP (8-bro) for 6 hours, or mice were fasted for 16 hours or re-fed for 6 hours after fasting, and mRNA levels were determined by qRT-PCR (n = 6). (B and C) Mice were fasted for 16 hours or re-fed for 6 hours after fasting. Occupancy of the indicated proteins (B) and the ratios of methylated H3K27-me3 and H3K4-me3 to total histone H3 (C) were determined at the indicated genes by ChIP assay (n = 3). (D) Chromatin from fasted mouse livers was immunoprecipitated with PPARα antibody, eluted, and reprecipitated with JMJD3 or SIRT1 antibody (n = 3). (E) Hepatocytes were infected with lenti-shJMJD3 or transfected with siPPARα for 48 hours, and then cells were treated with Fsk for 6 hours. mRNA levels were determined by qRT-PCR (n = 5). (F) Venn diagram of hepatic genes inhibited by JMJD3 downregulation in hepatocytes (Figure 2A ), downregulated genes in PPARα-KO mice (29) , and downregulated genes in SIRT1-LKO mice (30) . Data represent the mean ± SEM. *P < 0.05 and **P < 0.01, by 1-way ANOVA with the FDR test (A, left), Student's t test (A, right), Mann-Whitney U test (B-D), or 2-way ANOVA with the FDR test (E).
jci.org Volume 128 Number 7 July 2018 es its own genes upon fasting. In support of this idea, Fsk induction of SIRT1 and PPARα was attenuated by JMJD3 downregulation in hepatocytes ( Figure 4E , left). Further, Fsk induction of JMJD3 and SIRT1 was also blunted by PPARα downregulation ( Figure 4E , right), and fasting-induced increases in protein levels of JMJD3 and SIRT1 were blunted in PPARα-KO mice (Supplemental Figure  8) . These results suggest that JMJD3, SIRT1, and PPARα form a positive autoregulatory loop under nutrient-deprived conditions. To further examine the global significance of a functional JMJD3-SIRT1-PPARα complex, we compared RNA-seq data from JMJD3-downregulated hepatocytes (Figure 2A ) with microarray data from livers of fasted PPARα-KO mice (29) and SIRT1 liverspecific-KO (SIRT1-LKO) mice (30) . In bioinformatics analyses, 207 genes were downregulated in both JMJD3-depleted hepatocytes and SIRT1-LKO mice, 393 genes were downregulated in both JMJD3-depleted hepatocytes and PPARα-KO mice, and 46 genes were commonly downregulated in JMJD3-depleted hepatocytes and PPARα-KO and SIRT1-LKO mice ( Figure 4F ). In GO analysis, hepatic genes potentially regulated by all 3 factors include genes involved in mitochondrial oxidation-reduction and fatty acid metabolic processes (Table 2 and Supplemental Tables 1-3) .
PKA-induced phosphorylation of SIRT1 at Ser 434 is important for its interaction with JMJD3 and PPARα. SIRT1 activity is increased when cellular NAD + levels are increased (9, 10), but SIRT1 activity is also acutely increased, independently of changes in NAD + levels, through PKA-induced phosphorylation at Ser 434 in mouse embry- Figure 6F ), while mRNA expression of lipogenic genes was increased (Supplemental Figure 10E ). Further, hepatic expression of SIRT1 and PPARα was also markedly decreased by JMJD3 downregulation in the livers of fasted mice (Supplemental Figure 10F) . Consistent with the epigenetic role of JMJD3 in promoting β-oxidation, in ChIP assays, we observed that histone H3K27-me3 levels were significantly increased at Fgf21, Cpt1a, and Mcad genes, but not at Pepck or G-6-Pase genes, by downregulation of JMJD3 ( Figure 6G ). These results are in agreement with the findings above (Figures 2 and 3 ) that JMJD3 epigenetically induced β-oxidation genes. Further, we found that the rate of palmitate oxidation was decreased in liver extracts ( Figure 6H ). Consistent with decreased hepatic β-oxidation, hepatic levels of long-chain acylcarnitine species, an indicator of defective fatty acid β-oxidation, were increased ( Figure 6I and Supplemental Figure 10G ), and serum levels of a ketone body, β-hydroxybutyrate, were decreased ( Figure  6I ) in the JMJD3-downregulated mice. Further, O 2 consumption and CO 2 production were significantly decreased, indicating decreased energy expenditure ( Figure 6J) . In primary hepatocytes, we observed that downregulation of JMJD3 resulted in a decreased rate of palmitate oxidation, while glucose production was not changed ( Figure 6K ). Importantly, hepatic insulin sensitivity assessed by phosphorylated AKT (p-AKT) levels in hepatocytes after insulin treatment was also decreased ( Figure  6L ). Together, these results demonstrate that liver-specific downregulation of JMJD3 leads to impaired mitochondrial β-oxidation, liver steatosis, and glucose and insulin intolerance in mice fed normal chow.
Liver-specific downregulation of JMJD3 leads to intrinsic defects in hepatic β-oxidation. Liver-specific downregulation of JMJD3 for 3 months (Figure 6 , A-J) led to increases in body weight, adiposity, and liver steatosis. These results raised an important question of whether hepatosteatosis in the JMJD3-downregulated mice is primarily due to dysregulation of intrinsic hepatic lipid metabolism, particularly mitochondrial fatty acid β-oxidation, or secondarily to increased adiposity through liver-adipose interactions. onic fibroblasts (MEFs) (13) . We thus asked whether SIRT1 is also phosphorylated at Ser 434 in hepatocytes upon PKA signaling and whether SIRT1 (Ser434) phosphorylation is important for its functional interaction with JMJD3 and PPARα in regulating mitochondrial β-oxidation.
Treatment of hepatocytes with Fsk for 30 minutes increased phosphorylated Ser SIRT1 (p-SIRT1 [Ser434]) levels of exogenously expressed WT SIRT1 ( Figure 5A, lanes 1-4) , but the Ser phosphorylation of SIRT1 was abolished by mutation of Ser434A ( Figure 5A, lanes 5 and 6) , indicating that PKA activation leads to phosphorylation of SIRT1 at Ser434 in hepatocytes. In co-IP assays, Fsk increased the interaction of SIRT1 with JMJD3, PPARα, and CREB ( Figure 5B, lanes 1-4) , and, intriguingly, the S434A-SIRT1 mutation selectively abolished the interaction of SIRT1 with JMJD3 and PPARα, while the SIRT1 interaction with CREB was not changed ( Figure 5B, lanes 5, 6) . We observed similar results in co-IP studies of hepatocytes treated with Fsk for a longer period, 3 hours (Supplemental Figure 9, A and B) . Importantly, we found that Fsk-mediated upregulation of Jmjd3, Sirt1 and Pparα and of the β-oxidation genes Cpt1a and Mcad was enhanced by expression of WT SIRT1, but not S434A-SIRT1, and we detected Fskmediated increases in mRNA levels of the gluconeogenic genes Pepck and G-6-Pase with both WT SIRT and S434A-SIRT1 ( Figure  5C and Supplemental Figure 9C ). Consistent with these results, Fsk treatment increased the occupancy of endogenous SIRT1 in hepatocytes at Jmjd3 and Cpt1a, and the increases were enhanced by expression of WT SIRT1, but not by S434A-SIRT1, while the SIRT1 occupancy at G-6-Pase was increased by expression of both WT SIRT1 and S434A-SIRT1 ( Figure 5D ). These results suggest that PKA-induced SIRT1 (Ser434) phosphorylation is important for its interaction with JMJD3 and PPARα in inducing their own genes as well as β-oxidation genes, but not gluconeogenic genes (model in Figure 5E ).
Liver-specific downregulation of JMJD3 leads to defective β-oxidation, which contributes to liver steatosis. To investigate whether hepatic JMJD3 has a role in metabolic regulation, JMJD3 was downregulated specifically in the liver by infection of JMJD3-floxed mice with AAV-TBG-Cre for 3 months ( Figure  6A ). The thyroxine-binding globulin (TBG) promoter drives hepatocyte-specific expression (31) . We found that expression of JMJD3 was decreased by more than 90% in the liver by infection with AAV-TBG-Cre, but was not decreased in brown or white adipose tissue (BAT or WAT) ( Figure 6A ). Liver-specific downregulation of JMJD3 led to increased body weight and adiposity ( Figure 6B ), without significant changes in food intake (Supplemental Figure 10A) . Notably, liver size ( Figure 6B ) and liver weight/body weight ratios (Supplemental Figure 10B) were increased, and the levels of neutral lipids ( Figure 6C ) and triglycerides (TG) ( Figure 6D ) in the liver were elevated. Consistent with increased liver TG levels and adiposity, the levels of serum TG (Supplemental Figure 10C ) and nonesterified fatty acids (NEFAs) ( Figure 6D ) were also increased, and glucose ( Figure 6E ) and insulin (Supplemental Figure 10D) tolerances were decreased. These results are suggestive of fatty liver development when JMJD3 was downregulated in mice.
The mRNA levels of β-oxidation and ketogenic genes were decreased in JMJD3-downregulated mice, with dramatic decreases and whether SIRT1 is necessary for the JMJD3-mediated lipidlowering effects ( Figure 8B ). Remarkably, adenovirus-mediated hepatic expression of JMJD3 in HFD-fed obese mice ( Figure 8B ) led to substantial decreases in neutral lipid levels ( Figure 8C ) and TG levels ( Figure 8D ) in liver. Fatty liver in diet-induced obesity is associated with hepatic inflammation and insulin resistance (32) . Indeed, the infiltration of macrophages, a hallmark of local inflammation, was markedly decreased ( Figure 8C , bottom row), and glucose tolerance was notably improved (Figure 8E ), while insulin tolerance was slightly, but significantly, improved (Supplemental Figure 12A ) by JMJD3 expression. Remarkably, all of these beneficial effects conferred by JMJD3 expression in HFD-fed obese mice were markedly attenuated with the downregulation of SIRT1 (Figure 8 , C-E). Consistent with these results, we found that expression of JMJD3 resulted in increased mRNA levels of Cpt1a and Mcad, decreased mRNA levels of proinflammatory genes ( Figure 8F ), increased palmitate oxidation in liver extracts ( Figure 8G ), decreased long-chain acylcarnitine levels ( Figure 8H) , and increased serum β-hydroxybutyrate levels ( Figure 8I ). All of these JMJD3-mediated effects were blunted by SIRT1 downregulation (Figure 8, C-I) . These results indicate that restoration of JMJD3 to To address this issue, JMJD3 was downregulated as before, but only for 1 month ( Figure 7A ), which had little effect on body weight ( Figure 6B ) or adiposity ( Figure 7B ). In these mice, the liver weight/body weight ratio ( Figure 7C ), liver neutral lipid levels, and liver TG levels ( Figure 7D ) were markedly increased. Serum NEFA levels were not significantly changed ( Figure 7E ), but the rate of palmitate oxidation in liver extracts was reduced by more than 40% ( Figure 7F ). Serum levels of the ketone body β-hydroxybutyrate were decreased ( Figure 7G ). We observed similar results when JMJD3 was downregulated in mice by infection with lentiviral shRNA for 1 month (Supplemental Figure 11) . Further, mRNA levels of β-oxidation genes were decreased, and histone H3K27-me3 levels at Fgf21, Cpt1a, and Mcad were increased by downregulation of JMJD3 for 1 month (Figure 7, H and I ). These results demonstrate that liver-specific downregulation of JMJD3 causes defects in the intrinsic hepatic β-oxidation that contributes to hepatosteatosis prior to the development of adiposity.
JMJD3-mediated lipid-lowering effects in obese mice are largely dependent on SIRT1. Fasting-induced hepatic expression of JMJD3 is markedly impaired in high-fat diet-fed (HFD-fed) obese mice ( Figure 8A ). We thus asked whether restoring JMJD3 levels in obese mice to normal fasting levels would ameliorate metabolic symptoms Ratios of H3K27-me3 to total histone H3 at the indicated genes were determined by ChIP. Data represent the mean ± SEM. n = 5-6 mice/group. **P < 0.01, by Student's t test (C-I).
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jci.org Volume 128 Number 7 July 2018 tolerance upon HFD challenge. Since JMJD3 is an essential partner of SIRT1 for induction of β-oxidation genes, we tested whether JMJD3 is required for the SIRT1-mediated, lipid-lowering effects in HFD-fed obese mice by downregulation of JMJD3 combined with expression of SIRT1 ( Figure 9A ). Adenovirus-mediated hepatic expression of SIRT1 resulted in reduced liver/body weight ratios ( Figure 9B ) and levels of neutral lipids ( Figure 9C ) and TG ( Figure 9D ) in liver, decreased macronormal levels in HFD-fed obese mice leads to improved fatty acid β-oxidation and ameliorates metabolic symptoms of obesity and that these beneficial effects are largely dependent on SIRT1.
Lipid-lowering effects by expression of SIRT1 in dietary obese mice are dependent on JMJD3. SIRT1 functions are aberrantly low in obese mice (33) (34) (35) . Transgenic moderate overexpression of SIRT1 (36) or adenovirus-mediated expression of SIRT1 (35) resulted in decreased hepatic lipid levels and improved glucose and insulin coneogenic gene expression, possibly via improved insulin sensitivity (37, 38) . Indeed, we observed that hepatic expression of SIRT1 in HFD-fed obese mice resulted in decreased expression of Pepck and G-6-Pase ( Figure 9F ) and also an increased rate of palmitate oxidation ( Figure 9G ), decreased long-chain acylcarnitine levels ( Figure 9H ), and increased serum β-hydroxybutyrate levels ( Figure 9I) . Remarkably, nearly all these SIRT1-mediated effects were abolished by liver-specific downregulation of JMJD3 (Figure phage infiltration ( Figure 9C , bottom row), improved glucose tolerance ( Figure 9E ) and a slight, but significant, improvement in insulin tolerance (Supplemental Figure 12B) , increased expression of Cpt1a and Mcad, and decreased expression of pro-inflammatory genes ( Figure 9F ). SIRT1 increases hepatic expression of gluconeogenic genes during fasting under physiological conditions (6, 7), however, in obese mice, overexpression of SIRT1 or treatment with SIRT1 activators did not activate, but instead inhibited, glu- pathways are distinct and, in particular, that selective activation of β-oxidation genes by SIRT1 is dependent on its gene-specific transcriptional partner, JMJD3. While occupancy of SIRT1 is increased by fasting at both β-oxidation and gluconeogenic genes, JMJD3 and PPARα occupancy is increased only at the promoter regions of the β-oxidation genes we examined. Indeed, comparative bioinformatics analyses from RNA-seq data ( Figure 2A ) and microarray data in fasted SIRT1-LKO (30) and PPARα-KO (29) mice provide evidence for the global importance of SIRT1 and PPARα in their functional interaction with JMJD3 to regulate mitochondrial β-oxidation ( Figure 4F ). Other factors, such as FOXA2, are also involved in the activation of β-oxidation in the liver (4), but the present study establishes a new function for the fasting-induced JMJD3-SIRT1-PPARα complex in the selective epigenetic activation of β-oxidation genes. PKA-induced phosphorylation of SIRT1 at Ser434 rapidly increased SIRT1 activity independently of cellular NAD + levels in MEF cells, which results in increased β-oxidation in part by SIRT1-mediated deacetylation of PGC-1α (13) . In this study, the SIRT1 (Ser434) phosphorylation was also increased in hepatocytes upon PKA signaling, which enhanced the interaction of SIRT1 selectively with JMJD3 and PPARα, resulting in induction of their own and β-oxidation genes, but not gluconeogenic genes (model in Figure 5E ). Further, occupancy of WT SIRT1 was increased at both β-oxidation and gluconeogenic genes in Fsk-treated hepatocytes ( Figure 5D ), while occupancy of phosphorylation-defective S434A-SIRT1 was increased at gluconeogenic genes but not at β-oxidation genes ( Figure 5D ), which demonstrates the key role of Ser434A phosphorylation in gene-selective actions of SIRT1. It will thus be interesting to see whether deacetylation of PGC-1α mediated by SIRT1 (Ser434) phosphorylation (13) facilitates formation of the JMJD3-SIRT1-PPARα complex at β-oxidation genes. In addition, phosphorylation of PGC-1α by S6K1 was shown to inhibit its ability to induce gluconeogenic, but not β-oxidation, genes (39) , and small molecules have been identified that selectively inhibit PGC-1α-dependent gluconeogenic activity by increasing the acetylation of PGC-1α (40) . Thus, fasting-induced expression of gluconeogenic or β-oxidation genes can be selectively activated by posttranslational modifications of key gene regulators, such as PGC-1α and SIRT1.
The beneficial lipid-lowering effects and amelioration of metabolic syndromes by expression of SIRT1 or treatment with SIRT1-activating compounds or dietary supplements in obese animals have been intensively studied (9, 10, 41) . In the present study, JMJD3 was required for the beneficial effects mediated by expression of SIRT1 in obese mice and vice versa. The beneficial effects of restoring JMJD3 levels in obese mice were dramatic, and thus it is tempting to speculate that lipid-lowering effects by activators of SIRT1 or PPARα might also be dependent on JMJD3. The interdependence of the beneficial effects of these factors implies that decreased levels of the SIRT1-JMJD3-PPARα complex, possibly due to decreased expression of these proteins or impaired functional interactions among these proteins in obese animals, contribute to the development of fatty liver and glucose and insulin intolerance. We have shown that the expression and deacetylase activity of SIRT1 are decreased by microRNA-34a in obesity (34, 42, 43) and that nuclear localization and deacetylase activity of SIRT1 are also 9, B-I), indicating that SIRT1-mediated, lipid-lowering effects are dependent on JMJD3. These results, together, demonstrate that the beneficial effects conferred by expression of either SIRT1 or JMJD3 in diet-induced obese mice are mutually interdependent.
Discussion
In this study, we demonstrate that fasting-induced JMJD3 is, unexpectedly, a gene-specific transcriptional partner of SIRT1 and activates mitochondrial β-oxidation genes, but not gluconeogenic genes. Upon fasting, JMJD3 forms a transcriptional complex with SIRT1 and PPARα and epigenetically activates expression of β-oxidation genes. Intriguingly, the JMJD3-SIRT1-PPARα complex autoinduces expression of its own genes, forming a fastinginduced feedforward positive autoregulatory loop. The regulation of β-oxidation by this complex, thus, maintains liver energy balance during fasting.
A role for JMJD3 in the physiological regulation of metabolism has not been reported previously. In this study, the expression of genes involved in mitochondrial functions, in particular, oxidation-reduction, FA catabolism, and ketogenesis, were prominently decreased by downregulation of JMJD3. The substantial effect on expression of Fgf21 is particularly intriguing, because FGF21 is a fasting-induced hepatokine that promotes β-oxidation and ketogenesis, and, pharmacologically, FGF21 has received great attention because of its lipid-lowering and insulin-sensitizing effects (26, 27) . Further, liver-specific downregulation of JMJD3 led to defective β-oxidation, hepatosteatosis, and glucose and insulin intolerance, independently of adiposity, indicating that JMJD3 promotes intrinsic hepatic β-oxidation. In addition to effects on β-oxidation, which is the focus of this study, the effects on other JMJD3-regulated metabolic pathways, such as lipogenesis, that were identified in our RNA-seq analysis may also contribute to the regulation of liver TG levels.
JMJD3 was shown to regulate development and differentiation programs by activating genes containing bivalent histone marks (21, 23) . In this study, selective epigenetic activation of β-oxidation genes by JMJD3 is mediated by decreased levels of the repression histone mark H3K27-me3 at β-oxidation genes but not gluconeogenic genes, while levels of the gene-activating mark H3K4-me3 were increased at both β-oxidation and gluconeogenic genes in fasted mice ( Figure 2E ). Downregulation of JMJD3 blocked both the decrease in levels of its target, H3K27-me3, and the increase in H3K4-me3 levels at β-oxidation genes (Supplemental Figure 2) , which suggests that the methylation at H3K4 is influenced by the demethylation at H3K27. This JMJD3-mediated epigenetic activation of β-oxidation genes by bivalent histone modifications allows for low basal expression of these genes in fed animals and a timely induction in response to fasting. In addition to JMJD3-mediated effects on histone modifications, SIRT1 also represses its target genes by deacetylating histone H4K16-Ac and H3K9/14-Ac (11, 12) . We observed that levels of these gene-activating histone modifications were not decreased at either β-oxidation or gluconeogenic genes upon fasting (Supplemental Figure 13) , which is consistent with activation, rather than repression, of these genes.
The critical role of SIRT1 in transcriptional activation of both gluconeogenesis and FA β-oxidation has been established (6, 7, 13). We now show that the regulatory mechanisms for these 2 3 1 5 7 jci.org Volume 128 Number 7 July 2018 tion (33, 48, 49) . For hepatic expression of JMJD3 in obese mice, male C57BL/6 mice fed a HFD (60% fat; Research Diets) for 12 weeks were injected with Ad-JMJD3, and 4 weeks later, the mice were sacrificed. Glucose and insulin tolerances were analyzed as described previously (33, 34, 48) . Briefly, mice were fasted for 6 hours and injected i.p. with 2 g/kg glucose or with 0.25 U insulin/kg (Lilly), respectively, and glucose levels were measured using an Accu-Chek Aviva Glucometer (Roche). PPARα-KO mice (B6;129S4-Ppara tm1Gonz , no. 008154) were purchased from The Jackson Laboratory. Metabolic measurements. Liver TG levels were measured using the Sigma Kit TR0100 (Sigma-Aldrich), and serum NEFA levels were determined by HR Series NEFA-HR (Wako Diagnostics). Liver acylcarnitine and serum β-hydroxybutyrate levels were measured by gas chromatography-mass spectrometry (GC-MS) and liquid chromatography-MS (LC-MS) at the Metabolomics Center of the University of Illinois Urbana-Champaign (UIUC) (Urbana, Illinois, USA). Oxidation of [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] palmitate acid was determined in liver extracts as previously described (13) .
Primary mouse hepatocytes and cell cultures. Hepatocytes were isolated by collagenase (0.8 mg/ml; Sigma-Aldrich) perfusion through the portal vein of mice anesthetized with isoflurane as previously described (33, 48, 49) . The hepatocyte suspension was passed through a 100-μm nylon cell strainer (BD), and the hepatocytes were washed by centrifugation, resuspended in M199 medium (M4530; SigmaAldrich), and centrifuged through 45% Percoll (Sigma-Aldrich). Hepa1c1c7 (ATCC CRL 2026) and HepG2 cells (ATCC HB8065) were cultured in DMEM/F12 (1:1) containing 10 % serum. To mimic fasting, cells were incubated in DMEM/F12 (1:1) media containing 5 mM glucose for 24 hours and treated with 10 μM Fsk for 30 minutes, 3 hours, or 6 hours. For lentiviral infection of primary mouse hepatocytes, the lentivirus packaging plasmids pMD2.G and psPAX2 (Addgene) were used to make lenti-shCtl and lenti-shJMJD3. Primary mouse hepatocytes were infected with lentivirus for 48 hours, followed by treatment with 5 mM glucose and 10 μM Fsk for 6 hours to mimic fasting.
RNA-seq analysis. Primary mouse hepatocytes were pooled from 5 mice and infected with lenti-shJMJD3 or lenti-shCtl for 48 hours and then treated with Fsk for 6 hours. RNA was isolated with the RNeasy Kit (QIAGEN), and the cDNA library was sequenced using an Illumina HiSeq 2000 to produce paired-end 100-bp reads. One library of reads per biological sample was examined for sequencing errors prior to mapping. Trimmomatic, version 0.36, was used to remove sequence adapters and low-quality bases, quality control was checked by FastQC, version 0.11.5, and sequencing alignment was performed using STAR, version 2.5.3a. The differential expression profiles of RNA-seq were analyzed by the edgeR-based R (version 3.4.1) pipeline, and results are presented with volcano blots. For all comparisons, a P value of less than 0.05 was considered significant. Functional GO was analyzed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) program (50, 51) . The RNA-seq data have been deposited in the NCBI's Gene Expression Omnibus database (GEO GSE113032).
Immunoblot analysis. For immunoblot (IB) analysis, liver tissues or cells were washed with ice-cold PBS and homogenized in RIPA buffer (50 mM Tris, pH 7.5, 1 mM EDTA, 1% NP40, 1% sodium deoxycholate, 1 mM DTT, and 0.1% SDS). Cell lysates were subjected to electrophoresis, transferred to PVDF membranes, blocked, and incubated with primary antibodies, followed by a secondary HRP-linked antibody. Band densities were quantified using ImageJ (NIH).
inhibited by obesity-related phosphorylation of SIRT1 (33) . Thus, diminished SIRT1 functions in obesity may underlie the decreased levels of the JMJD3-SIRT1-PPARα complex.
A recent study reported intriguing findings that mild mitochondrial stress can increase longevity and that JMJD3 expands the lifespan of organisms and maintains mitochondrial proteostasis through epigenetic regulation (25) . We observed that the biological pathways most highly regulated by JMJD3 include those involved in mitochondrial functions. Interestingly, lipid catabolism has been strongly implicated in organismal longevity. For example, expression or activation of SIRT1, the mammalian ortholog of the longevity protein yeast Sir2, promotes mitochondrial β-oxidation and extends lifespan in model organisms (8, 38, 44) . Activation of PPARα signaling (45) has been associated with increased lifespan in worms. Further, supplementation of α-ketoglutarate, a cofactor that increases the activity of JMJD3, was shown to extend lifespan in worms (46) . All these findings suggest that the JMJD3-SIRT1-PPARα complex, through regulation of lipid catabolism, may have a role in increasing organismal longevity.
In conclusion, we demonstrate that JMJD3, together with SIRT1 and PPARα, epigenetically activates β-oxidation genes to maintain energy balance during fasting. Epigenetics has emerged as an exciting area for drug development, because epigenetic enzymes are often aberrantly expressed in human diseases and function as gene-specific regulators, as demonstrated in this report by the gene-selective activation of β-oxidation by JMJD3. Since JMJD3 and SIRT1 function is aberrantly low in obese animals, small molecules that activate JMJD3 and/or promote the interaction of JMJD3 with SIRT1 and/or PPARα may provide novel therapeutic approaches to treat obesity, hepatosteatosis, and type 2 diabetes, which selectively lower lipid levels without increasing glucose levels.
Methods
Materials and reagents. The antibodies SIRT1 (sc-74465), JMJD3 (sc-130157), PGC1α (sc-13067), NF-κB (sc-372), PPARα (sc-9000), CREB (sc-186), and FOXO1 (sc-11350) were purchased from Santa Cruz Biotechnology; NcoR (ABE251) and H4 (catalog 06-398) from MilliporeSigma; H3K27me3 (ab6002), H3K4me3 (ab8580), H3 (ab1791), and FOXO1 (ab39670) from Abcam; LSD1 (product no. 2139) and β-actin (product no. 4970L) from Cell Signaling Technology; and siGENOME Mouse Creb1 (M-040959-01-0005), siGENOME mouse PPARα (M-040740-01-0005), and siGENOME mouse Foxo1 active viral particles) and were sacrificed 3 weeks later. Infection of mice with these adenoviral doses does not cause marked inflamma-
